The plant symbiont Rhizobium meliloti produces an acidic exopolysaccharide, termed succinoglycan or EPS I, that plays an important role during the interaction with its host, Medicago sativa. Mutants of R meliloti RmlO21 that fail to produce succinoglycan are deficient in the ability to invade alfalfa nodules (17, 36) . Succinoglycan is a high-molecular-weight polymer composed of repeating octasaccharide subunits. Each subunit consists of seven glucose residues and one galactose residue and carries succinyl, acetyl, and pyruvyl modifications (1, 52) (Fig. 1 ). Recent evidence indicates that a low-molecular-weight form of succinoglycan is critical for nodule invasion and may function as a signal to the plant (2, 66) . Interestingly, R. meliloti RmlO21 has a cryptic capacity to produce a second exopolysaccharide, with a structure quite different from that of succinoglycan, that is able to substitute for the symbiotic role of succinoglycan (19, 71) . A requirement for exopolysaccharide during nodule invasion has also been demonstrated for other Rhizobium-legume symbioses (5, 11, 33) .
Succinoglycan fluoresces under UV light when R. meliloti is grown on Calcofluor-containing agar plates (17, 36) . By using this fluorescence as a screen, various classes of mutants that affect the production of succinoglycan have been isolated. Mutations in exoA, exoB, exoC, exoF, exoL, exoM, exoP, exoQ, exoT, and exoY completely abolish succinoglycan production (27, 36, 40, 44, 53, 70) . The exoB and exoC mutations also affect the synthesis of other polymers (12, 19, 34) and have been shown to be defective in sugar nucleotide biosynthesis. exoB encodes a UDP-glucose-4-epimerase, which converts UDPglucose to UDP-galactose (7, 9) , and exoC codes for the enzyme phosphoglucomutase, which synthesizes glucose-iphosphate (67) . The other exo genes listed above are apparently specific for succinoglycan production. Mutations in two other exo genes cause the production of altered forms of succinoglycan. Mutations in exoH cause production of EPS I that lacks the succinate modification (35) , while mutations in a recently described locus, exoZ (7) , cause the production of succinoglycan that lacks the acetyl modification (54) . All these biosynthetic exo genes, except exoC, are clustered (27, 40, 44, 53, 70) on the second of two symbiotic megaplasmids present in R. meliloti (18, 23) . exoC is located on the R. meliloti chromosome (18) .
Succinoglycan is synthesized from uridine diphosphatesugar precursors on membrane-bound isoprenoid lipid carriers (63) (64) (65) . The octasaccharide subunits of succinoglycan are built up on these carriers, beginning with a galactose residue followed by seven glucose residues, and modified by the addition of succinate, acetate, and pyruvate (55, 64 ). The octasaccharide subunits are then polymerized and finally secreted. Therefore, succinoglycan synthesis requires (i) enzymes for the production of each nucleotide sugar precursor, (ii) glycosyl transferases specific for each sugar linkage in the subunits, (iii) enzymes that add the modifications, and (iv) proteins involved in the polymerization and export of the polysaccharide. Biochemical characterizations of lipid-linked succinoglycan biosynthetic intermediates from previously identified exo mutant strains have been carried out in our laboratory in an effort to determine where each mutation blocks the biosynthetic pathway (55) . As this biochemical characterization proceeded, it showed that the products of the exoY, exoF, exoA, exoL, and exoM genes are involved in the addition of the first four sugars of the subunit; and the products of the exoP, exoQ, and exoT genes appear to be needed for polymerization or transport of EPS I. However, the putative transferases that add the fifth, sixth, seventh, and eighth sugars of the subunit were unaccounted for. Therefore, it seemed likely that more exo genes remained to be identified.
One possible reason that genes encoding these late functions in the synthesis of the lipid-linked octasaccharide subunits were not identified in earlier studies is that the truncated succinoglycan subunits produced by strains carrying mutations in these genes could still be polymerized. In the case of Xanthomonas campestris, it has been shown that mutants that are blocked in the transfer of the fourth or fifth sugar to the lipid-linked subunit can produce altered forms of xanthan gum consisting of a three-or four-sugar repeat unit, respectively, L-Glc 3-1,4 Glc -1,4 Glc P-13 Gal3 P1,. 6 61 n acetyl Glc I3- 1, 6 Glc I3- 1, 3 Glc6 succinyl (-) |3- 1, 3 GIc4, pyruvyl (-) (1, 52).
meliloti Rm 1021 rather than the usual five-sugar repeat unit (4). If R. meliloti mutants blocked in the later stages of subunit assembly were able to produce altered forms of succinoglycan similar to the altered forms of xanthan gum, these mutants might still be somewhat fluorescent on Calcofluor medium. If this were the case, these strains might not have been identified in earlier screens for exo mutants, because these screens focused on the identification of colonies that were nonfluorescent on Calcofluor medium (36, 39, 53) .
In hope of finding more exo genes required for the biosynthesis of succinoglycan, we carried out fine-structure genetic analysis on a region in the exo gene cluster (between exoH and exoX [ Fig. 2B ]) that had not been extensively characterized previously (40) . Our decision to focus on this area was stimulated in part by the finding that a strain carrying a Tn5 insertion in this region, originally identified as no. 357 (40) , fluoresced under UV light when grown on medium containing Calcofluor but was symbiotically defective. Indeed, this genetic search uncovered the presence of the genes exoW, exoV, and exoU (discussed below and in the accompanying paper [20] ), all of which are required for the synthesis of succinoglycan (55) .
Our laboratory's discovery of the biochemical function of most of the exo gene products motivated us to sequence 16 kb of the exo gene cluster present in the second megaplasmid in order to gain insight into the nature of the biosynthetic proteins of these exo gene products. This work revealed the presence of another previously unidentified exo gene, exoO. This work, together with the results of other studies (3, 7, 45, 50) , made available the sequence of the entire 25-kb exo gene cluster from exoP to exoB (Fig. 2) . In this paper we present the sequence of a novel family of glycosyltransferases needed for the synthesis of the octasaccharide subunits of succinoglycan (55) . The members of this family are encoded by the previously identified exoA, exoL, and exoM genes (40) and by the newly identified exoO, exoU, and exoW genes. We will also discuss the exoY and exoF genes (45, 50) , both of which we now know are needed for the addition of the first sugar to the lipid carriers (55) . In the accompanying paper (20) , we present further genetic analysis and sequences of other genes required for the biosynthesis of succinoglycan and propose a model for the synthesis of succinoglycan.
MATERIALS AND METHODS
Strains, plasmids, and media. Bacterial strains and plasmids used in this study are listed in Table 1 . Bacteria were grown in LB medium (41) with 2.5 mM MgSO4 and 2.5 mM MgCl2 added for R. meliloti cultures. For exopolysaccharide production, R. meliloti strains were grown in a modified M9 medium (41) (3, 7, 40, 45, 50, 53) . (b) Insertions in exoU and exoW. The large arrows indicate the orientation of the different complementation groups described in this paper and in the accompanying paper (20) . The (36) .
Genetic manipulations. Plasmids pRK404 and pLAFRI and derivatives of these plasmids were transferred by triparental matings, by using the helper plasmid pRK600, as described previously (15) . Tn5 mutagenesis of the region between exoH and exoU was accomplished by insertional mutagenesis of pEX105 (which contains a 10.5-kb BglII fragment from pEX312 [40] encompassing this region) by passaging this plasmid through the Tn5-carrying strain MT614, as described previously (51) . The kanamycin insertion in the exoO gene was accomplished by blunt-end cloning a kanamycin cassette (of the plasmid pHP45fS:Kan [16] ) into the ESP I site of the plasmid pEX20 (40) . Plasmid-borne Tn5 and kanamycin insertions were homogenotized into the R. meliloti genome by introduction of an incompatible plasmid, as has been described previously (58) . All homogenotes were examined by Southern hybridization to confirm the presence of the Tn5 or kanamycin insertion in the appropriate position.
DNA manipulations and sequencing. Plasmid DNA was isolated from E. coli by the alkaline lysis method (41) , and R. meliloti chromosomal DNA was isolated by the method of Marmur (43) . Restriction 
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GGA ACG ATC GCC TTT TCG CCG GAA GCA TGG GTG CAC GAG CCG GTA CCG GAA AAC AGG GCC TCG CTT GCC TGG CTC GCG AAG CGT CGT TTC CGC TCC GGA of the growing octasaccharide subunit. The products of the exoY and exoF genes are now known to be needed for the addition of galactose to the lipid carrier that initiates the synthesis of the succinoglycan subunit (55) . The sequence of the exoY and exoF genes has already been published (45, 50) and will also be discussed below.
ExoA. The protein product of the exoA gene carries out the addition of the second sugar (glucose) of the succinoglycan subunit by catalyzing the formation of a P-1,3 linkage with the galactose on the lipid carrier (55) . The deduced sequence of the exoA ORF is presented in Fig. 3A . The ORF for exoA codes for a 39-kDa protein. The hydrophobicity profile of the exoA ORF is presented in Fig. 3B , and the predicted transmembrane domains are highlighted. The hydrophobicity plots show that the protein is probably anchored at the carboxyl terminus to the cytoplasmic membrane. The exoA264::TnphoA insertion (53) maps 896 bp downstream of the start of the ORF (Fig. 3B) at the end of a DNA sequence encoding a transmembrane domain. The alkaline phosphatase moiety of the fusion protein produced by this mutant is predicted to be localized in the periplasm, which is consistent with the fact that TnphoA fusions are active only when the alkaline phosphatase portion is present in the periplasm (42) . The exoA401::Tn5 and exoA407::TnS insertions (40) map 536 and 755 bp, respectively, downstream of the start of the ORF (Fig. 3) . ExoA is partially related to ExoU (discussed below). No significant homology to the exoA ORF was found in the data base; some similarities at the carboxyl end of the protein to various membrane-spanning proteins were found, but this is probably due to the hydrophobic nature of this region and is not necessarily related to any specific function.
ExoL. The protein product of the exoL gene is needed for the addition of the third sugar (glucose) and catalyzes the formation of a 13-1,4 glucosidic linkage to the growing succinoglycan subunit on the lipid carrier (55) . The sequence of this gene in R. meliloti has recently been published by Becker et al. (3) and matches the sequence that we obtained; therefore, it will not be presented here. We sequenced the junction of the exoL431::Tn5 insertion (40) ATG AAC CCT CCG GCG ATC-GAC AAG GTC CCC GAC GTC ACA TTC GTC GTG GCC GCC TAT AAT TCC GCG GAT ACG ATC GTG CGC GCG ATC GAA AGC GCG CTG
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DNA sequence of the exoO ORF and deduced amino acid sequence. The arrowhead indicates the position of the kanamycin insertion described in Materials and Methods.
(3-1,4 glucosidic linkage (55) . The sequence of the exoM ORF and the predicted hydrophobicity plot are shown in Fig. 4 . The junction of the exoM457::Tn5 insertion (40) was sequenced, and it maps 651 bp downstream from the start of the exoM ORF (Fig. 4A) 
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DNA sequence of the exoU ORF and deduced amino acid sequencc. The arrowheads indicate the sequenced and mapped positions of the different Tn5 insertions described previously (40) (24) (Fig. 6) . The NodC protein is itself homologous to chitin synthetases (8) and is thought to be involved in forming P-1,4 glycosidic bonds during the production of the Nod factor (13) . The exoO gene product is also homologous to the ExoM protein described above and the ExoU and ExoW proteins described below. Each of these proteins adds a glucose moiety to the growing succinoglycan subunit on the lipid carrier but makes different 13 glucosidic linkages.
ExoU. The exoU gene, together with the exoW and exoV genes, was identified in a genetic analysis of the portion of the exo region between exoH and exoX (Fig. 2a) . Strains carrying the exoU63::Tn5 mutation fluoresce with a blue, rather than a blue-green, hue on LB plates containing Calcofluor and lack the typical halo of fluorescence around the colonies. A similar phenotype was seen in strains Rm8337 and Rm8357, which were isolated in an earlier genetic analysis of the exo region (40) and carry insertions near the position of exoU63. These three mutations define a single complementation group. The exoU63 strain is Fix-on alfalfa. Originally, strains Rm8337 and Rm8357 were reported to be Fix', but reexamination of these strains has shown that they are actually Fix . Although the Calcofluor fluorescence of these strains would suggest that they produce some polymerized exopolysaccharide, we have been unable to isolate enough of this material from the supernatant of any exoU mutant strain for nuclear magnetic resonance analysis.
The predicted protein sequence of ExoU is presented in Fig.  7 . Analysis of the hydrophobicity plot of the 32-kDa ExoU protein (data not shown) indicates that it is probably present in the cytoplasm. The exoU337::Tn5, exoU357::Tn5 (40), and exoU63::Tn5 mutations (20) map 138, 438, and 765 bp, respectively, downstream of the start of the exoU ORF (Fig. 7) . Biochemical experiments have determined that the exoU gene product is most likely to be involved in adding the sixth sugar to the growing subunits on the lipid carriers and therefore catalyzes the formation of a 1-1,6 glucosidic linkage (55) . The ExoU protein is 37% identical to the ExoO protein (Fig. 8) . This high degree of identity is not surprising, since both proteins are proposed to add glucose to closely related substrates by catalyzing the formation of 13-1,6 linkages. The ExoU protein also shows an overall 26% identity with both the ExoA and ExoW proteins (discussed below), which catalyze the formation of 1-1,3 bonds (Fig. 8) . Because of its homology to the ExoO protein, the ExoU protein is also 25% identical to cellulose synthetase (59) and 28% identical to the ORF downstream of the hetA gene (21) . Interestingly, both the ExoO and ExoU proteins are also 26 and 27% identical, respectively, to the Kps6O protein (56), a glycosyltransferase required for synthesis of the group II capsular exopolysaccharides of E. coli (56) .
ExoW. The exoW complementation group was defined by three Tn5 insertions originally isolated in the plasmid pEX 105: no. 91, 105, and 28 (Fig. 2B) . Homogenote strains carrying the exoW28::Tn5 and exoWIOS::Tn5 mutations grow very slowly, taking 4 to 5 days to grow into colonies when streaked on plates, in comparison to 3 days for the wild-type strain. These homogenotes are unstable in the absence of selection and are initially nonfluorescent on Calcofluor medium, although slight fluorescence is sometimes seen after a long incubation. However, no exopolysaccharide could be isolated from culture supernatants of these strains. The exoW9J::TnS insertion could not be homogenotized in the wild-type background. However, all exoW insertions could be homogenotized without difficulty in an exoB background, and the homogenotes grew normally, indicating that these mutations are not deleterious if the cell is not able to make UDP-galactose and is therefore unable to initiate the synthesis of the succinoglycan subunit.
The deduced sequence of the ExoW protein is presented in Fig. 9A . The exoW9J::Tn5 and exoW28::Tn5 insertions map 8 and 700 bp, respectively, downstream of the start of the exoW ORF. Analysis of the hydrophobicity profile and of possible membrane-spanning regions (Fig. 9B) of the 26-kDa ExoW protein indicates that it is probably anchored at the carboxy terminal to the cytoplasmic membrane. The ExoW protein is thought to catalyze the addition of the seventh sugar to the subunits on the lipid carriers and therefore catalyzes the formation of a ,-1,3 glucosidic bond (55) . The ExoW protein shows no significant homology to any known protein in the data base. As mentioned above, ExoW was found to be 26% identical to both the ExoO and ExoU proteins (Fig. 8) .
DISCUSSION
In this paper we present the sequence of a family of glycosyl transferases needed for the biosynthesis of succinoglycan. The results shown here, together with those of the accompanying paper (20) and the biochemical analysis (55) , represent one of the most comprehensive studies on exopolysaccharide synthesis to date. This degree of understanding of exopolysaccharide synthesis for polysaccharides involving lipid-linked intermediates has been achieved only for the synthesis of xanthan gum of X campestris (10, 68) and Salmonella lipopolysaccharide 0-antigen biosynthesis (26) . It is our hope that the sequence homologies among glucosyl transferases presented above may be informative for other systems.
None of the glycosyl transferases sequenced in this work were found to share homology with any of the gene products required for either xanthan gum or 0-antigen biosynthesis. However, our laboratory first showed that the product of the exoY gene product is highly homologous to the gumD gene product of X campestris (50 (45) . The ExoY, GumB, and RfbP proteins are all thought to be glycosyl transferases required for the addition of the first sugar to the isoprenoid lipid carriers (26, 47, 55, 68) . It seems likely that these proteins are homologous not only because they recognize a sugar moiety but also because they interact with the lipid carriers as they add the first sugar needed for the initiation of polysaccharide synthesis. Furthermore, we have recently found that ExoY is also 29% identical to the carboxyl half of CpsD, a galactosyl transferase needed for the synthesis type III capsule in Streptococcus agalactiae (57) .
Mutations in the exoF gene also block the addition of first sugar to the lipid carriers (55) . The sequence of the ExoF protein has been published recently (45) , but the investigators reported no homology of this gene to any protein in the data base. We now report that the ExoF protein is 24.8% homologous to GumB of X. campestris (10) (Fig. 10) , which has been postulated to be involved in polymerization of the repeating subunits of xanthan gum (68) . Interestingly, we have also found the ExoF protein to be 23% homologous the periplasmic KpsD protein (56) needed for translocation of the capsular polysaccharide of E. coli (60) . The subcellular localization of the ExoF protein is not known, but it contains a stretch of hydrophobic amino acids at its amino terminus (45) that probably anchors ExoF to the membrane. The rest of the protein is presumed to be in the periplasm, because of the activity of the exoF369::TnphoA fusion (39) . Very little is known about the means of polymerization and export of exopolysaccharides across membranes. In E. coli, polymerization of the capsular polysaccharide is thought to occur on the inner face of the cytoplasmic membrane, followed by the transport to the cell surface through adhesion zones between the two cellular membranes (25, 30) . In Salmonella typhimurium, 0-antigen polymerization is thought to occur on the periplasmic side on the cytoplasmic membrane (46) , but little is known about its export. Because of the large size of R. meliloti succinoglycan, it is tempting to consider that it is exported as it is being polymerized. If synthesis and export are indeed coupled during R. meliloti succinoglycan synthesis, one way to explain the phenotype of an exoF mutant strain would be to speculate that the absence of polymerization or translocation would somehow inhibit the first step in the synthesis of succinoglycan. ExoY is a small protein and is homologous only to the carboxyl half of GumD (68) , RfbP (26) , and CpsD (57) . Another GCG AAG CTC ACA GTT GTC ATT CCG TAC TAC CAG AAG GAA CCC GGA ATT CTC CGG CGC GCG CTG GCA TCC GTT TTT GCT CAG ACG CTC GAG 
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Although at present we have no biochemical or genetic evidence for the formation of a multicomponent complex between enzymes required sequentially for the synthesis of succinoglycan in R. meliloti, few proteins exist free in the cell (22) . The ExoA protein, the glucosyl transferase needed for the addition of the second sugar, appears to be anchored in the membrane at its carboxyl terminus. This may facilitate a possible interaction with ExoY and ExoF whose sequences (45, 50) and TnphoA fusions (39) predict them to be membrane bound. Of the glycosyl transferases that act subsequently, we predict that the ExoL (3), ExoO, and ExoU proteins are found in the cytoplasm. In contrast, the ExoM and ExoW proteins are anchored in the membrane. Both ExoH (3, 20) and ExoZ (7), which are required for the succinyl (35) and acetyl (54) modifications, respectively, appear to be transmembrane proteins (3, 7, 20 lipid-linked subunit by catalyzing the formation of a ,3-1,4 linkage between two glucoses (the second and third sugars) (55) , showed no significant degree of homology between any known protein or to any of the exo gene products sequenced, not even to ExoM, which also catalyzes the formation of a P-1,4 linkage between two glucoses (the third and fourth sugars). It is possible that the lack of homology between the ExoL and ExoM proteins is due to the fact the third sugar is already modified with an acetyl group before the ExoM protein makes the glycosidic bond, as observed in our studies of the intermediates accumulated in an exoM mutant (55) . Therefore, the site of carbohydrate recognition of ExoM could be different from that of ExoL. A lack of homology between transferases with the same activities has also been observed in mammalian systems (48) . In mammalian glycosyl transferase families, few regions of homology have been found within the catalytic domain, and no significant homology has been found with other proteins in GenBank (48) .
The ExoO, ExoU, and ExoW proteins all are related. Because sequential enzymes handle the same substrate, they must have similar active sites. Srere proposed that the interaction of sequential enzymes could be postulated to have occurred by gene duplication and divergent evolution (62) . It is conceivable that ExoO, ExoU, and ExoW indeed evolved by gene duplication and divergence. On the basis of our studies of succinoglycan biosynthetic intermediates (55), our laboratory has proposed that these proteins are required for the addition of the fifth, sixth, and seventh sugars, respectively. The regions with the higher degrees of homology are presented in Fig. 11 . Interestingly, these regions of homology are also represented to various degrees in ExoA and ExoM and other gene products cited above, suggesting that they may have functional significance (Fig. 11) . At this point, we cannot determine whether these conserved regions are required for substrate recognition or enzymatic activity.
As mentioned above, exoU mutant strains make very small amounts of Calcofluor-binding material, yet exoO mutant strains make a larger amount of exopolysaccharide, the majority of which is insoluble. The nuclear magnetic resonance analysis of the soluble fraction revealed that the exopolysaccharide recovered from an exoO mutant is normally modified by acetate, succinate, and pyruvate. Apparently, some other transferase can substitute for the ExoO function in vivo. The high degree of homology between ExoO and ExoU raises the possibility that ExoU might substitute for ExoO. However, because exoU mutant strains produce very little polysaccharide, the converse cannot be true. In contrast to exoO and exoU mutants, exoW mutant strains produce very little extracellular polysaccharide, even though they synthesize a lipid-linked subunit that lacks only the last two sugars in the subunit (55) . It is possible that this six-sugar subunit is not polymerized.
Breedveld ct al. (6) have recently characterized a mutant of Rhizobium leguminosarum that lacks the terminal sugar of the exopolysaccharide and also produces very little exopolysaccharide.
In general, enzymes of a multicomponent complex are linearly and closely located on a chromosome (62) . To date, the genes required for the synthesis of bacterial exopolysaccharides have generally been found to be clustered in long operons (25, 26, 33, 68) . As shown in Fig. 2 , all the genes to the left of exoT are transcribed in one orientation (from right to left). There is an overlap of the start and stop codons of the protein downstream of exoH, except for the 100-bp gap between the exoK and exoL genes and the 48-bp gap between exoO and exoN. This observation raises the possibility that these genes are translationally coupled and may represent a mechanism by which the cell ensures that the various components of the succinoglycan biosynthetic machinery are expressed in equimolar ratios. It also suggests that they are transcribed as a single unit. We have preliminary evidence for a promoter upstream of exoH that may be responsible for the expression of all the genes to the left of exoH. The exo genes are expressed at very low levels (39, 53) ; thus, mapping of the site of transcription initiation is difficult. We are presently carrying out experiments to confirm the existence of the promoter upstream of exoH and to map other promoters on the right side of the exo region, where the genes do not seem to be organized in long operons. 
